The studies presented here explore intracellular signals resulting from the action of repellents on growth cones. Growth cone challenge with thrombin or thrombin receptor-activating peptide (TRAP) triggers collapse via a receptor-mediated process. The results indicate that this involves activation of cytosolic phospholipase A 2 (PLA 2 ) and eicosanoid synthesis. The collapse response to repellents targets at least two functional units of the growth cone, the actin cytoskeleton and substratum adhesion sites. We show in a cell-free assay that thrombin and TRAP cause the detachment of isolated growth cones from laminin. Biochemical analyses of isolated growth cones reveal that thrombin and TRAP stimulate cytosolic PLA 2 but not phospholipase C. In addition, thrombin stimulates synthesis of 12-and 15-hydroxyeicosatetraenoic acid (HETE) from the released arachidonic acid via a lipoxygenase (LO) pathway. A selective LO inhibitor blocks 12/15-HETE synthesis in growth cones and inhibits thrombin-induced growth cone collapse. Exogenously applied 12(S)-HETE mimics the thrombin effect and induces growth cone collapse in culture. These observations indicate that thrombin-induced growth cone collapse occurs by a mechanism that involves the activation of cytosolic PLA 2 and the generation of 12/15-HETE.
Chemorepellents provide important guidance cues for growth cones during nervous system development (Tessier-Lavigne and Goodman, 1996) . Thrombin, a serine protease, was the first neurite repellent identified (Monard et al., 1983; Gurwitz and Cunningham, 1988; Seeds, 1986, 1989) . However, it initially was thought to affect growth cones strictly by digestion of extracellular ligand or matrix molecules via its protease activity (Monard, 1988) . Recent observations (Jalink and Moolenaar, 1992; Suidan et al., 1992) establish that the effects of thrombin on neurites are receptor-mediated. Thrombin activates its receptors by proteolytically unmasking the "tethered ligand," a peptide sequence near the N terminus of the receptor (Vu et al., 1991; Grand et al., 1996) . Nonproteolytic thrombin receptor-activating peptides (TR APs) representing the tethered ligand also can activate the receptor (Feng et al., 1995) . At least two distinct thrombin receptors have been identified (Ishihara et al., 1997) . That thrombin must play an important role in brain development and function is indicated by the finding that the genes encoding prothrombin, a thrombin receptor, and a thrombin antagonist (glial-derived nexin) are expressed in various brain regions, especially during development and in those regions known to exhibit plasticity (Mansuy et al., 1993; Niclou et al., 1994; Weinstein et al., 1995) .
Maximum repellent stimulation causes growth cone "collapse," the withdrawal of lamellipodia and filopodia to form a clubshaped terminal structure (Kapfhammer and Raper, 1987) . How repellent receptor activation causes this morphological change is unclear. Heterotrimeric G-proteins have been implicated in repellent signaling (Schwab, 1990; Igarashi et al., 1993; Grand et al., 1996; Moolenaar et al., 1997; Schindelholz and Reber, 1997) , and so have receptor and other tyrosine kinases (Schindelholz and Reber, 1997; Smalheiser and Ali, 1994; Drescher et al., 1995; Brennan et al., 1997) . Small Rho-family G-proteins are critical for reshaping the actin cytoskeleton in various cells and growth cones (Jalink et al., 1994; Gebbink et al., 1997; Jin and Strittmatter, 1997; Lamoureux et al., 1997; Tapon and Hall, 1997; Zipkin et al., 1997; Gallo and Letourneau, 1998; Katoh et al., 1998 ). Yet, we do not know whether growth cone collapse is caused primarily by cytoskeletal retraction (Stossel, 1993) followed by passive filopodial detachment, or whether dissociation of adhesion sites is a separate process triggered by the repellents. Because any form of amoeboid locomotion necessitates the coordinated attachment and detachment of pseudopods (Stossel, 1993; Huttenlocher et al., 1995) , the involvement of an active detachment mechanism must be considered.
Nerve growth cones are enriched in high molecular weight, cytosolic phospholipase A 2 (cPLA 2 ; Nègre-Aminou et al., 1996) , which may be involved in signaling (Dennis, 1994) . Interestingly, PLA 2 and pseudopod activity may be correlated (Bar-Sagi and Feramisco, 1986; Bar-Sagi, 1989; Teslenko et al., 1997) . In platelets, thrombin activates cPLA 2 and causes spreading (Grand et al., 1996) . Does thrombin also stimulate growth cone cPLA 2 , and is the cPLA 2 product arachidonic acid (AA) or one of its eicosanoid derivatives involved in altering growth cone configuration?
Eicosanoids are synthesized through three different pathways involving cyclooxygenases (generating prostaglandins), cytochrome P-450 monooxygenases, or lipoxygenases [L Os; synthesizing hydroperoxyeicosatetraenoic acids (HPETEs) and leukotrienes; Smith, 1989; C apdevila et al., 1992; Yamamoto et al., 1997] . HPETEs are reduced to hydroxyeicosatetraenoic acids (HETEs). 12( S)-H ETE is of particular interest, because several reports link its f unction to pseudopod activity or cell motility (Goetzl et al., 1977; Yoshino et al., 1993; Ferrante et al., 1994) . In endothelial and certain cancer cells 12( S)-H ETE induces disruption of adhesion sites and process retraction (Tang et al., 1993; de la Houssaye et al., 1997) .
The present studies test the hypotheses that (1) cPL A 2 activation and 12-H ETE generation are necessary for thrombininduced growth cone collapse; (2) 12-H ETE mimics the thrombin response; and (3) a signaling pathway involving cPLA 2 and 12/15-L O regulates growth cone detachment (de la Mikule et al., 1997) . (TES) , thrombin, and other chemicals were from Sigma. Aprotinin was from C albiochem (San Diego, CA). Polyacrylamide, prestained molecular weight standards, and other reagents for SDS-PAGE were from Life Technologies (Grand Island, N Y) . Tissue culture media and laminin were also from Life Technologies. 12( S)-and 15( S)-H ETE, nordihydroguaiaretic acid (N DGA), cinnamyl-3,4-dihydroxy-␣-cyanocinnamate (CDC), and indomethacin were purchased from Biomol (Plymouth Meeting, PA). TR AP came from Peninsula Laboratories (San C arlos, CA). TLC plates were obtained from EM Science (Gibbstown, NJ) and Whatman (C lifton, NJ). Sprague Dawley rats were from Harlan (Indianapolis, I N). Solid phase extraction columns were purchased from J. T. Baker (Phillipsburg, NJ). Rabbit antibodies to platelet 12-L O and to leukocyte 12/15-L O were from Oxford Biomedical Research (Oxford, M I) and C ayman Chemical (Ann Arbor, M I), respectively. HRPconjugated goat anti-rabbit antibody was purchased from Vector Laboratories (Burlingame, CA). Texas Red-conjugated phalloidin and SlowFade Light were products of Molecular Probes (Eugene, OR). Insulin and insulin-like growth factor 1 (IGF-1) were from Collaborative Biomedical Products (Bedford, M A), and brain-derived neurotrophic factor (BDN F) was from Amgen (Thousand Oaks, CA).
MATERIALS AND METHODS

Materials
Neuron culture. C erebral cortices were dissected from embryonic day 18 Sprague Dawley rats, cut into explants of Ͻ1mm 3 , and cultured on either poly-D-lysine-coated coverglass (Assistent) or poly-D-lysine-coated tissue culture plastic. After 24 hr in B27 neurobasal medium (N B) supplemented with 10% fetal bovine serum, cultures were switched to serum-free B27 N B. The cultures were incubated at 37°C in 5% C O 2 in air. Sprouting neurons were observed readily on day 1. On day 2 or 3, long neurites were present, and the cultures were used for collapse experiments.
Actin staining. After experimentation, cultures were fixed by slow inf usion of fixative (4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4) into the culture dishes over 10 min (Pfenninger and Maylié-Pfenninger, 1981) . Thereafter, the fixative was removed by rinsing three times with PBS containing 1 mM glycine. Cultures were then blocked with PBS and 1% bovine serum albumin (BSA) and permeabilized by incubation in 0.02% Triton X-100 for 5 min. After three washes in PBS and BSA, cultures were incubated with Texas Red-conjugated phalloidin for 30 min. Unbound phalloidin was washed away by two PBS rinses, after which the coverglasses were mounted in Slow-Fade Light on microscope slides. Images were recorded on 35 mm film using a Z eiss (Thornwood, N Y) Axiophot fluorescence microscope equipped with epiillumination.
Growth cone collapse assay. Before repellent factor treatment, some of the day 2-3 explant cultures were preincubated (at 37°C) with inhibitor or vehicle control (dimethylsulfoxide or ethanol) for 30 -60 min. Cultures were then challenged with a repellent factor or vehicle control for 1-30 min. In some experiments, live cultures were photographed with a Z eiss IM 35 inverted photo microscope equipped with a stage heater, whereas in others cultures were fixed (as above) after 7 min of repellent factor treatment. Growth cone collapse was assessed quantitatively in aldehydefixed cultures by grading the degree of collapse in a large number of randomly selected growth cones. Because growth cones of control neurons exhibited a heterogenous phenotype and some of the collapse responses (at 7 min) were graded, binary assignments (collapsed or intact) were inadequate for these analyses. Therefore, we classified growth cones into one of four categories: f ully spread, "veiled" growth cones (1, "spread and veiled"), spread-out growth cones with prominent filopodia but reduced veiling (2, "reduced veiling"), growth cones without lamellipodia and possessing only few filopodia (3, "partially collapsed"), and f ully collapsed, club-shaped neurite termini (4, "clubshaped"). The numbers assigned to the classes were used to determine a "collapse index" for each experimental condition by calculating a weighted average for each growth cone population analyzed. The resulting collapse indices were averaged for the same condition, and SEMs were determined. Student's t test was used to assess statistical significance of values for different conditions.
Growth cone particle isolation. Growth cone particles (GC Ps) were prepared as described by Pfenninger et al. (1983) and modified by L ohse et al. (1996) . Briefly, 18 day fetal brains were homogenized in ϳ8 volumes of 0.32 M sucrose containing 1 mM MgC l 2 , 2 mM TES buffer, pH 7.3, and 3 M aprotinin. A low-speed supernatant (1660 ϫ g for 15 min) was loaded onto a discontinuous sucrose density gradient with steps of 0.83 and 2.66 M sucrose containing MgC l 2 and TES. The gradients were spun to equilibrium at 242,000 ϫ g for 40 min in a vertical rotor (Vti50; Beckman Instruments, Palo Alto, CA). The GC P fraction at the 0.32-0.83 M sucrose interface was collected and used for the experiments described below.
GCP release assay. Petri dishes (35 mm diameter) were coated with 10 g of mouse laminin in PBS by incubation at room temperature for 60 min with shaking. Dishes were subsequently rinsed three times with PBS to remove unbound laminin and then blocked with 5% nonfat dry milk (C arnation) in PBS for 30 min. After three PBS rinses to remove the blocking agent, the dishes were ready for the addition of GC Ps. Before plating, the GC P fraction was slowly added at 4°C to an equivalent volume of 2ϫ concentrated, modified Krebs' buffer (22 mM sucrose, 50 mM NaC l, 5 mM KC l, 22 mM H EPES, pH 7.4, 10 mM glucose, 1.2 mM NaH 2 PO 4 , 1.2 mM MgC l 2 , and 2 mM CaCl 2 ). After incubation for 5 min at 37°C, this buffered GC P preparation was added to the laminin-coated Petri dishes. Contact with the substratum was facilitated by centrif uging the dishes for 15 min at 5000 ϫ g (Beckman JS5.2 rotor) at room temperature, followed by incubation at 37°C to allow adhesion site formation. After 10 min, unattached GC Ps were removed by rinsing the dishes twice with 1ϫ modified Krebs' buffer. Plated GC Ps were then challenged with repellent factor (TR AP or thrombin) for 20 min at 37°C. The supernatant containing released GC Ps was collected and centrif uged for protein determination of the pellet. GC Ps that remained attached after repellent treatment were removed with 5% SDS for protein assay. Protein was measured according to the method of L owry et al. (1951) as modified by Peterson (1983) . Results of these experiments were expressed as the percentage of released versus total GC P protein initially attached minus release in untreated samples. Gel electrophoresis and Western blotting. SDS-PAGE was performed according to the method of Laemmli (1970) using 5-15% acrylamide gradients. The GC P fraction was diluted threefold to fourfold with 0.32 M sucrose buffer and spun for 30 min at 39,800 ϫ g. Protein amounts in the pellets were determined by dye-binding assay (Bradford, 1976) . Polypeptides of pelleted GC Ps (30 g / lane) were resolved by SDS-PAGE. Prestained standards were used to determine apparent molecular mass. Resolved proteins were transferred to nitrocellulose essentially as described by Towbin et al. (1979) , with a semidry blotting apparatus for 60 min at 300 mA for a 14 ϫ 17 cm gel. Ponceau S staining served to monitor the efficiency of protein transfer. Blots were then rinsed in PBS and distilled water and dried. Before incubation with primary antibody, blots were blocked with 5% nonfat milk powder and 0.02% T ween 20 in PBS for 2 hr at room temperature. Blots were probed in the same blocking solution and conditions with either polyclonal rabbit antiplatelet or polyclonal rabbit anti-leukocyte 12-L O antibody at 1:2000 or 1:5000, respectively. Blots were washed five times in blocking solution, followed by incubation with secondary antibody (HRP-conjugated goat anti-rabbit antibody at 1:5000) for 1 hr in blocking solution. After extensive washing, bound antibody was detected by enhanced chemiluminescence according to the manufacturer's directions (New England Figure 1 . Effects of thrombin, thrombin plus L O inhibitor, and 12( S)-H ETE on growth cone configuration. Phase-contrast micrographs are shown of cultures of embryonic day 18 rat cortical neurons that were either pretreated with vehicle alone or inhibitor for 45 min before challenge with thrombin or 12( S)-HETE. Numbers in the top right corners indicate time in minutes of exposure to collapsing reagent. Top to bottom, 100 nM thrombin, 10 M CDC pretreatment (30 min) followed by 100 nM thrombin, and 10 Ϫ7 M 12( S)-H ETE. The large growth cone in CDCϩT hrombin exhibits at 0 min (which is a CDC-alone control) and at 0.5 min vertically extended veils. By 5 min they have disappeared.
Nuclear) by contact-exposing x-ray film (X-OM AT Blue X B-1; Eastman Kodak, Rochester, N Y).
Phospholipase assays. For PL A 2 assays, GC Ps suspended in modified Ca 2ϩ -free Krebs' buffer (10 -30 g protein /assay) were first incubated for 10 min on ice in the presence or absence of effectors. Subsequently, phospholipid substrate (PC, PE, or PI) containing radiolabeled AA (7-14 M; 50,000 -100,000 cpm /assay) was added, and the reaction was performed at 37°C for 10 min. T ypically, assay mixtures contained 10 M CaCl 2 ; specific modifications are described in the figure legends. For phospholipase C (PLC) assays, conditions were the same when run in parallel with PL A 2 assays. When PLC assays were run independently, Ca 2ϩ was increased to 1 mM. Reactions were terminated by the addition of 3.75 volumes of cold chloroform /methanol (1:2). PL A 2 assays also were performed on neurons dissociated from fetal rat cerebral cortex. The assay conditions were the same as those just described for GC Ps.
E xtraction of phospholipase products was performed according to the method of Bligh and Dyer (1959) . Products recovered in chloroform were loaded onto Silica Gel 60 TLC plates and developed as described earlier (Nègre-Aminou and Pfenninger, 1993) in hexane/ether/acetic acid (40: 60:1). AA and DG were identified on TLC by co-migration with authentic standards. The appropriate bands were excised into scintillation fluid and counted on a Beckman L S 1801 scintillation spectrometer. All assays were run in triplicate.
Eicosanoid assays. Eicosanoid production in GC Ps was measured by metabolic labeling from 3 H-AA or 14 C -AA-PC or by mass spectrometric detection. To determine H ETE synthesis by radiolabeling, assays were Figure 2 . Effects of thrombin, TR AP, thrombin or TR AP plus L O inhibitor, and 12( S)-H ETE on filamentous actin in growth cones. Cultured El8 rat cortical neurons were fixed and stained with Texas Red-conjugated phalloidin after the following experimental treatments: control (vehicle alone), thrombin (100 nM) for 7 min, TR AP (100 M) for 7 min, 45 min pretreatment with CDC (10 M) followed by thrombin (100 nM) or TRAP (100 M) for 7 min, and 12( S)-HETE (10 Ϫ7 M) for 12 min. Thrombin and TR AP cause collapse, but the TR AP effect, although clear-cut, is not as dramatic as that of thrombin; CDC inhibits or significantly attenuates collapse, and 12( S)-H ETE mimics the effects of thrombin and TR AP. run essentially as for PL A 2 except that phospholipid substrate was increased to 100,000 cpm /assay, and assay time at 37°C was 15 min. To measure L O activity directly, without PL A 2 involvement, 3 H-AA was the substrate of choice. Reactions were stopped by the addition of chloroform /methanol as for the phospholipase assays. Reaction products were extracted as described by Birkle et al. (1988) and spotted on preactivated Silica Gel 60 TLC plates, and the plates were developed in the upper phase of ethyl acetate/isooctane/acetic acid / water (100:60:20: 100). AA and H ETEs were identified by co-migration with standards. Appropriate bands were counted by liquid scintillation spectrometry.
For identification of H ETEs we used a liquid chromatography -tandem mass spectrometry (LC -MS -MS) strategy. The reaction substrate consisted of 3.5 M AA, with the addition of 3.5 M deuterated AA (D 8 -AA) plus 1 Ci [ 3 H]AA to track reaction products by mass and radioactivity, respectively. Reactions were stopped with ice-cold ethanol; the mixtures were kept overnight at Ϫ20°C under N 2 ; and the proteins were spun out. The supernatants were diluted with H 2 O and loaded onto 1 ml C 18 Sep-Pak columns (Varian, Palo Alto, CA). After washing with H 2 O, eicosanoid was eluted with 2 ml of methanol. These samples were resolved by reverse-phase HPLC, and the eluted fractions were analyzed on-line by a tandem quadrupole mass spectrometer (API-IIIϩ; PerkinElmer Sciex, Thornhill, Ontario, C anada; MacMillan and Murphy, 1995) . Collision-induced decomposition of H ETE regioisomers produced characteristic fragment ions that were identified at the second MS stage.
RESULTS
Growth cone collapse in culture
Experiments were performed on growth cones in cultures of rat cerebral cortex to assess qualitatively and quantitatively the collapsing effects of thrombin and the nonproteolytic TR AP, with or without inhibitors of AA metabolism. Figure 1 shows the effect of thrombin treatment on growth cones at different times. Almost immediately thrombin causes disappearance of lamellipodia and, after several minutes, filopodia. After 5-10 min, most growth cones are f ully collapsed, and neurite length is reduced. By 30 min neurite beading is observed (results not shown). TRAP was used at a concentration ϳ1000 times higher than that of thrombin, consistent with data on receptor binding and TR AP activation in other systems (Feng et al., 1995 ; also see Nataranjan et al., 1995; Grand et al., 1996) . TR AP has qualitatively the same effect as thrombin, but the change is not as pronounced, and neurite beading is not seen routinely. The collapse phenomenon is shown at higher magnification in Figure 2 , after staining of filamentous actin with Texas Red-conjugated phalloidin. Control growth cones exhibit spread-out veils and /or filopodia with filamentous actin abundant in the periphery, whereas thrombin or TR AP treatment causes withdrawal of lamellipodia and filopodia and actin redistribution from the peripheral to the proximal growth cone.
To test for the putative role of PL A 2 in thrombin and TRAP signaling, one would ideally inhibit or activate growth cone PLA 2 . However, the molecular identities of growth cone PL A 2 s have not been established, and selective inhibitors that block these enzymes are not known. Therefore, we proceeded with experiments involving inhibitors of the metabolism of the PL A 2 product AA. Indomethacin is a specific blocker of cyclooxygenases, thereby inhibiting the synthesis of prostaglandins and related eicosanoids (Salari et al., 1984) , and has no effect on control or thrombin treatment of growth cones (data not shown). CDC (Cho et al., 1991; Wen et al., 1996) is a selective inhibitor of L Os, including 12-LO, which catalyzes the synthesis of 12( S)-and some 15( S)-HETE. CDC alone does not alter growth cone structure qualitatively (Fig. 1 , CDCϩT hrombin, 0 min) or quantitatively (the collapse index for CDC alone, 30 min, is 1.42 for 100 growth cones vs 1.34 for controls; see Table 1 ). However, pretreatment with CDC inhibits the thrombin effect on growth cones (Figs. 1,   2 ). Although thrombin collapses growth cones even after incubation with indomethacin, CDC-pretreated growth cones retain their spread-out appearance. A more potent but less selective inhibitor of all LOs, NDGA (Salari et al., 1984) , also protects growth cones from thrombin-or TRAP-induced collapse (data not shown).
Figures 2 and 3 allow for comparison of phalloidin-stained growth cones in control cultures and in cultures challenged with thrombin or TRAP after CDC incubation. Again, growth cones treated with CDC alone (data not shown) are not distinguishable from controls. CDC-pretreated growth cones challenged with thrombin typically retain their spread-out shape with actin-rich, attached filopodia and lamellipodia. In some cases, however, we observed fully spread growth cones with filamentous actin largely depleted from lamellipodia and filopodia and clumped in the proximal body (Fig. 3) . Some actin depolymerization may have taken place as well. The results of these experiments have been analyzed quantitatively. At least 50 randomly selected growth cones in each of four to six independent experiments were classified into four different categories: spread and veiled, reduced veiling, partially collapsed, and club-shaped (see Materials and Methods). These categories are exemplified by the main growth cone in Figure 1 (thrombin treatment) at 0 -3 min. Figure 4 shows a shift of growth cones from predominantly intact (controls) to predominantly collapsed (thrombin or TR AP) and the strong attenuation of this effect by CDC. Collapse indices for the different experimental conditions are shown in Table 1 and were used to determine that thrombinand TR AP-induced collapse was highly significant, as was its attenuation by CDC.
If 12-L O is necessary for at least a part of the collapsing action of thrombin and TR AP, as the experiments with CDC suggest, then the primary 12-LO product 12( S)-H ETE should mimic the effect of thrombin and TR AP. This is shown qualitatively in Figures 1 and 2 and quantitatively in Figure 4 and Table 1. In this system at 10 Ϫ7 M, 12( S)-H ETE does indeed cause growth cone collapse that is morphologically very similar to the effect of thrombin and TR AP. 12( S)-H ETE-induced collapse is highly significant but less dramatic than that of thrombin (see Fig. 4 , Table 1 ), and the neurite beading seen after 30 min of maximum thrombin exposure is observed only rarely. The collapse effect of 12( S)-H ETE is not affected by growth cone pretreatment with the LO inhibitor CDC (data not shown).
Growth cone detachment
Collapsing factors must affect the cytoskeleton of the growth cone as well as filopodial and lamellipodial attachment to the substratum. To analyze this latter phenomenon, we designed a cell-free substrate detachment assay involving so-called GCPs isolated from fetal rat brain (Pfenninger et al., 1983) . GCPs contain a full complement of growth cone organelles, are viable for at least 1 hr after isolation (Lockerbie et al., 1991) , and have been shown to be derived primarily from axonal growth cones (Lohse et al., 1996) . When GCPs attached to laminin were exposed to thrombin, many of them detached from the substratum and could be collected in the supernatant (Fig. 5) . Thrombininduced detachment was detectable at Ն50 nM and reached a plateau between 200 and 300 nM (data not shown), indicating dose dependence. TRAP mimicked the thrombin effect, demonstrating that protease activity is not required for detachment.
GCPs contain a substantial actin meshwork (Pfenninger et al., 1983) . Despite their small size (ϳ0.3-0.5 m diameter), contraction of the actin-myosin system could be responsible for at least some of the detachment effect observed in the assay. Therefore, laminin-attached GCPs were first treated for 20 min at 37°C with 1 M cytochalasin D to depolymerize the actin cytoskeleton or with 20 mM BDM to inhibit selectively myosin ATPase (Cramer and Mitchison, 1995) . Both reagents caused considerable release of GCPs by themselves (Fig. 5) , consistent with known effects on cell spreading (Mooney et al., 1995; Sanders et al., 1999) . However, thrombin challenge increased detachment f urther ( p Ͻ 0.018 for BDM; p Ͻ 0.0047 for cytochalasin D). The release by the combined treatments equals the sum (for BDM) or is within the error range of the sum (for cytochalasin D) of the separate treatments.
Phospholipase activation
Our hypothesis predicts that one of the important steps in thrombin-induced growth cone collapse is the activation of cytosolic PL A 2 . Therefore, we studied PL A 2 activation in primary neurons and in GC Ps isolated from fetal rat brain. Because these assays have to be performed on cellular systems with endogenous phospholipid present, one cannot readily measure absolute enzyme activities. However, comparisons of the hydrolysis of exogenous, radiolabeled substrates enable one to determine relative PLA 2 activities in comparable experiments. In PL A 2 assays performed on primary neurons dissociated from cerebral cortex, thrombin greatly stimulated AA release from PE or PI, as shown in Table 2 . Because of the specific effect of thrombin on growth cones and because of the enrichment of PI-selective PLA 2 in growth cones , we proceeded with the more detailed analysis of PL A 2 activation in GC Ps. Data are shown primarily for PI as a substrate, because PI is the phospholipid with the highest level of AA turnover in growth cones (Nègre-Aminou and Pfenninger, 1993) . Table 2 shows that, under comparable experimental conditions, thrombin stimulates PLA 2 in GC Ps to much higher levels of free AA than in whole neurons. Figure 6 shows the release of AA from PI as a f unction of increasing concentrations of thrombin or TR AP. We observed a high level of activation (from fivefold to sevenfold) saturating at ϳ250 nM for thrombin. TR AP also clearly stimulated PLA 2 , but to a considerably lesser degree and at a ϳ1000-fold higher concentration.
We had determined previously that GC Ps contain very little, if any, secreted PL A 2 . To exclude the possibility that thrombin stimulated the release of a secreted PLA 2 we performed PL A 2 assays in the presence of reducing agent, which inactivates the catalytic domain of all secreted forms of the enzyme. As Table 3 shows, dithiothreitol (DTT) does not reduce the control or thrombin-stimulated levels of PLA 2 activity. Data are shown for PI, but the same observations were made for PE and PC (data not shown). This confirms the role of high molecular weight PL A 2 in the cytosol in a thrombin-activated pathway.
The PLA 2 response to thrombin is calcium-dependent in permeabilized GC Ps, as shown in Figure 7 . In the presence of EGTA, there is no stimulation of enzyme activity, whereas the thrombin response reaches a maximum at ϳ100 M Ca 2ϩ , without much change in basal, nonstimulated conditions. In a previous publication (Nègre-Aminou et al., 1996), we reported that GCPs contain at least two biochemically separable PLA 2 activities selective for PI and PE, respectively. Under experimental conditions used at the time, PC hydrolysis in GCPs was at background level without stimulation. However, Figure 8 shows that thrombin stimulates AA release from all three phospholipid substrates but at different levels, ranging from approximately fivefold for PI to approximately sevenfold for PC. These values do not take into account, however, known differences in the abundance of endogenous phospholipid substrates and/or potential competition among the PLA 2 s for a given substrate.
In other systems, such as platelets, thrombin has been reported to activate PLC (Crouch and Lapetina, 1988; Huang et al., 1991) . Therefore, we measured DG release from PI in parallel to AA release. Figure 9 shows that thrombin inhibits DG release, rather than stimulating it, and that the effect is calcium-dependent in a manner similar to the stimulation of PLA 2 . To ascertain the authenticity of thrombin-induced PLC inhibition, we compared the effects of thrombin and IGF-1 on PLA 2 and PLC in GCPs. GCPs are known to be rich in IGF-1 receptors (Quiroga et al., 1995) , and IGF-1 is known to activate PLC in many systems (Poiraudeau et al., 1997) . Figure 10 shows AA and DG release from PI (at 10 M free Ca 2ϩ ) in response to different concentrations of IGF-1. In the low nanomolar range, IGF-1 does indeed stimulate DG release in GCPs approximately twofold (Fig. 10) . IGF-1 also stimulates AA release from PI, but only ϳ1.7-fold. This activation of PLA 2 is a much weaker response than that observed with thrombin (see Figs. 6, 8) .
Because of the mild stimulation of PLA 2 by IGF-1, we assayed for PLA 2 activation by other trophic factors whose receptors are known to be present on growth cones or to be linked to PLA 2 stimulation in other cellular systems. (In these experiments, shown in Tables 2-4, net control levels of PLA 2 activity in GCPs range from 38 to 107 pmol AA released ⅐ min Ϫ1 ⅐ mg of protein
Ϫ1
, probably because of slight variations in the GCP fraction. However, data sets are shown always with controls measured in the same experimental series.) TrkB, the receptor for BDNF, is readily detectable by immunoblot and enriched in GCPs isolated from whole fetal brain (K. H. Pfenninger and S. Ross, unpublished results) . However, BDNF did not significantly stimulate PLA 2 activity in GCPs (Table 4) . BDNF combined with IGF-1 or insulin alone also failed to stimulate PLA 2 significantly in our assays (Table 4) . When these experiments were performed with PE or PC as substrates, AA release again was only marginally or not at all increased (data not shown).
Generation of eicosanoids
The effect of CDC in collapse and growth cone detachment assays suggests that eicosanoid synthesis from AA is an important step in thrombin and TRAP signaling. Lipid extracts prepared in acid conditions can be resolved by TLC to separate 12/15-HETE (which co-migrate) from the other compounds, including AA, DG, and 5-HETE (Birkle et al., 1988) . With this approach we studied the generation of HETE in GCPs, without or with thrombin stimulation. Figure 11 A shows, in assays involving [
14 C]AA-PC as a substrate, the generation of AA and of a compound co-migrating in TLC with 12-or 15-HETE. As seen already, there is substantial stimulation of AA release by thrombin. Radioactivity co-migrating with 12-HETE also is increased, ϳ2.5-fold above control (Fig. 11 B) . The selective 12-LO inhibitor Figure 11C , thrombin does indeed stimulate 12/15-HETE production from AA, and the effect is strongly inhibited by CDC but not by the cyclooxygenase blocker indomethacin. This suggests thrombin activation of 12-LO, in addition to PLA 2 . However, the amount of 12/15-HETE generated with thrombin stimulation is only a small fraction of the amount of AA released (Fig. 11 A) . Although TLC is suitable for isolating eicosanoids, identifica- where not present error bars were too small to be indicated. Figure 7 . Effects of calcium on control and thrombin-stimulated levels of PL A 2 in GC Ps. GC Ps were incubated alone (control ) or in the presence of 100 nM thrombin for 10 min on ice and then combined with substrate ([ 14 C]AA-PI) for 10 min at 37°C in the presence of EGTA or varying micromolar concentrations of CaCl 2 (0 [Ca] , no addition of C a 2ϩ or EGTA). AA release was measured as described in Materials and Methods. Data presented are in triplicate. Error bars indicate SD. Figure 8 . Substrate selectivity of thrombin-stimulated growth cone PL A 2. GC Ps were assayed in the absence (control ) or presence of 100 nM thrombin (thr) with 10 M CaCl 2 and equal concentrations of [ 14 C]AA-PI, -PE, or -PC as substrate. Numbers above thrombin columns indicate increase in activity relative to control levels. Absolute values for PE, relative to those for PI, are higher in these experiments compared with those shown in Tables 2-4 , because the PE substrate concentration was lower in the latter experiments. However, the degrees of thrombin-induced stimulation were very similar. Data are averages of three experiments, all done in triplicate, Ϯ SEM. tion of the compounds is tentative only because it is based on co-migration with standards. Therefore, we performed LC-MS-MS to detect specifically the generation of H ETE isomers present in GC P extracts after incubation with equal molar quantities of unlabeled and D 8 -AA. The collisional activation of the common carboxylate anion for the unlabeled isomers (m/z 319) and labeled isomers (m/z 327) of H ETE was performed, and specific ion transitions were monitored to indicate the elution of each H ETE species not only by the ion transition but also by the characteristic HPLC retention time. For example, the carboxylate anion from unlabeled 12-H ETE was collisionally activated to yield abundant ion at m/z 179, whereas the carboxylate anion from labeled 12-H ETE was collisionally activated to yield abundant fragmention at m/z 184. The retention times of the elution of these two components (26.1 min) were virtually identical. Using this multiple reaction monitoring technique, 12-and 15-HETE were both found to elute at the appropriate retention times along with the corresponding deuterated species (Fig. 12) . The relative quantities of deuterium-labeled species were similar to those of the labeled HETE regioisomers. This supports the conclusion that the origin of recovered HETEs was the exogenous AA added to the GCPs. In separate analyses, known quantities of synthetic 12-and 15-HETE were added to sample aliquots before LC-MS-MS analysis. The corresponding transitions at the appropriate retention time increased for each of the expected HETE regioisomers (data not shown). These techniques revealed the generation in GCPs of both 12-and 15-HETE but could not assign the chirality of each regioisomer.
The generation of 12-and 15-HETE by growth cones, the inhibition of this synthesis by CDC (at 0.156 M), and the inhibition of the thrombin effect on growth cone morphology by CDC suggest that growth cones contain one or several forms of 12-LO. To test for this possibility, we analyzed GCPs by Western blot with the two 12-LO antibodies currently available, specific for platelet 12-LO and leukocyte 12/15-LO, respectively. Gels con- Figure 9 . Thrombin inhibits growth cone PLC in a calcium-dependent manner. GCPs were incubated alone (control ) or in the presence of 100 nM thrombin for 10 min on ice and then combined with substrate ([ 14 C]AA-PI) for 10 min at 37°C in the presence of EGTA or varying micromolar concentrations of C aC l 2 (0 [Ca] , no addition of C a 2ϩ or EGTA). DG release was measured as described in Materials and Methods. Data presented are triplicates Ϯ SD. tained equal amounts of protein from fetal-brain low-speed supernatant (L SS, the crude parent fraction of GC Ps) and GCPs. The blots in Figure 13 indicate that GC Ps are significantly enriched, relative to L SS, in a protein of ϳ75 kDa and reactive with the antibody to leukocyte 12/15-L O. No immunoreactivity was detected with anti-platelet 12-L O antibody (data not shown).
DISCUSSION
Thrombin as a growth cone repellent
Thrombin receptor activation leads to diverse cellular responses, such as secretion and pseudopod spreading in platelets and locomotion and mitogenesis in fibroblasts. However, it causes cell rounding in endothelial and neural cells and pseudopod withdrawal in certain cancer cells (Jalink and Moolenaar, 1992; Grand et al., 1996; Vouret-Craviari et al., 1998) Pfenninger, unpublished results) . In neurons, thrombin induces growth cone collapse comprising redistribution and partial depolymerization of the actin skeleton as well as detachment of filopodia and lamellipodia. This is very similar to collapse induced by other factors (Kapfhammer and Raper, 1987; Fan et al., 1993) . TRAP mimics the effect of thrombin, indicating that this is Figure 11 . Thrombin-stimulated release of AA and H ETE. GC Ps were assayed for both PL A 2 and L O activity as described. Inhibitor (0.156 M CDC or 0.2 M indomethacin) was introduced to some GC P samples for 15 min on ice before the addition of 100 nM thrombin. After an additional 10 min incubation on ice, the GC P mixture was then incubated with either a receptor-mediated event, not dependent on proteolysis of adhesion molecules or their extracellular ligands (Jalink and Moolenaar, 1992; Suidan et al., 1992) . Thus, thrombin qualifies as a bona-fide collapsing factor and repellent.
Activation of phospholipase and lipoxygenase
In platelets, thrombin activates both cPL A 2 and PLC (for review, see Grand et al., 1996) . It seemed logical, therefore, to assay for these enzymes in cultures of thrombin-responsive primary neurons. Isolated growth cones were of particular interest in view of the enrichment of at least two different cPL A 2 s in them ; whether the two enzymes occur separately in distinct growth cone populations or together in all GCPs is unknown).
Thrombin and, to a lesser extent, TR AP stimulate PLA 2 activity in primary neurons and GC Ps, with the highest levels of free AA achieved in GC Ps. Growth factors whose receptors are present on GC Ps, such as BDN F, NGF, insulin, and IGF-1, stimulate growth cone cPL A 2 only weakly or not at all, indicating that thrombin activation is selective. Thrombin increases AA release from phospholipid from sevenfold to fivefold, with the apparent substrate preference PC Ͼ PE Ͼ PI. Again, this result does not take into account differences in endogenous substrate concentration and /or possible competition among the PLA 2 s for the substrate. Resting as well as stimulated levels of PL A 2 activity are resistant to reducing agents, excluding a contribution of secreted PL A 2 . PC hydrolysis had not previously been detected in unstimulated GC Ps . Thus, present results suggest that a third, PC -selective cPL A 2 may possibly exist in GC Ps. We show that thrombin activation of cPL A 2 requires Ca 2ϩ . However, Nègre-Aminou et al. (1996) reported PE-and PI-selective cPL A 2 s to be Ca 2ϩ -independent. Therefore, Ca 2ϩ is likely to be necessary for a step upstream of cPL A 2 .
Although growth cones and platelets share receptor-mediated thrombin stimulation of cPLA 2 , they are different with regard to PLC regulation. Thrombin stimulates platelet PLC, causing the release of inositol trisphosphate and subsequent efflux of Ca 2ϩ from intracellular stores. In GCPs, however, thrombin inhibits this phosphoinositidase, suggesting that intracellular release of Ca 2ϩ is not important for the collapse response. Thrombininduced Ca 2ϩ transients have been reported for platelets (Grand et al., 1996) and neuroblastoma cells (Jalink and Moolenaar, 1992) , but they were shown not to be necessary for thrombininduced rounding of neuroblastoma and endothelial cells (Jalink and Moolenaar, 1992; Vouret-Craviari et al., 1998) . Therefore, our findings are consistent with these observations as well as the fact that (at least so far) Ca 2ϩ transients have not been detectable in nerve growth cones treated with repellents (Ivins et al., 1991; Ming et al., 1997) . The second consequence of PLC stimulation, the release of DG, activates PKC in platelets. Lack of PLC stimulation in thrombin-treated GCPs, however, does not rule out a role for PKC in repellent action.
cPLA 2 s cleave phospholipids into an unsaturated fatty acid, in brain typically AA, and a lysophospholipid. Whether lyso-PI, -PE, and -PC generated in growth cones have functional role(s) is not known. Most released AA is rapidly reincorporated into phospholipid (Nègre-Aminou and Pfenninger, 1993) , but AA may directly influence growth cone functions and/or may be converted into one or more eicosanoids (Smith, 1989; Shimizu and Wolfe, 1990) . Our biochemical studies show that thrombin stimulates in growth cones not only the release of AA but also the synthesis of an AA-derived compound that co-extracts and comigrates in TLC with 12-or 15-HETE. The generation of this product is reduced by the selective 12-LO inhibitor CDC but not by the cyclooxygenase inhibitor indomethacin. Finally, LC-MS-MS analysis of GCP extracts definitively demonstrates GCP synthesis of primarily 12-and also 15-HETE.
In sum, our results demonstrate strong and selective thrombin stimulation of one or multiple cPLA 2 s in growth cones, followed by conversion of some of the released AA into 12/15-HETE. We estimate the conversion to amount to ϳ1 pmol, or 5%, of ϳ20 pmol of AA released in the same assay (assuming equal recoveries). Although we cannot exclude a role of 15-LO in GCPs, HETEs are likely to be synthesized by 12-LO because of the selective inhibitory effect of CDC at 0.156 m (Cho et al., 1991) and a report that leukocyte 12/15-LO also generates 15-HETE (Yamamoto et al., 1997) . This view is consistent with the observation that growth cones are enriched in a polypeptide that co-migrates in SDS-PAGE with 12-LO (at 75 kDa) and immunocross-reacts with an antibody to leukocyte-type 12/15-LO (but not platelet 12-LO).
It is generally assumed that eicosanoid synthesis, including that of 12-HETE, is regulated by the supply of AA, and that 12-LO is constitutively active (Smith, 1989; Shimizu and Wolfe, 1990; Yamamoto et al., 1997) . However, we observed that thrombin stimulates not only cPLA 2 but also the 12-LO in GCPs.
Functional role of lipid messengers in growth cone collapse
The data discussed so far correlate the collapsing effect of thrombin with cPLA 2 activation and eicosanoid synthesis. To determine whether a causal relationship exists, inhibitor experiments were performed. Selective inhibitors of most or all growth cone cPLA 2 activity are not known, but specific eicosanoid synthesis inhibitors exist. The cyclooxygenase inhibitor indomethacin does not interfere with thrombin-induced growth cone collapse. However, the general L O inhibitor N DGA and the specific 12-LO inhibitor CDC block thrombin-and TR AP-induced collapse, as well as L O activity in biochemical assays. Conversely, exogenous 12( S)-H ETE added to cultures mimics the effects of thrombin or TRAP. These results are consistent with the observed thrombin stimulation of 12/15-H ETE synthesis and link cPL A 2 activation and 12/15-H ETE synthesis f unctionally to the collapse mechanism.
Growth cone collapse involves reorganization of the actin cytoskeleton as well as filopodial and lamellipodial detachment. Our detachment assay demonstrates that thrombin and TRAP trigger growth cone dissociation from the laminin substratum, even in the absence of a f unctional actin cytoskeleton. Disassembly of the actin cytoskeleton with cytochalasin D or inhibition of myosin ATPase with BDM interferes to some degree with GCP adhesion. However, release induced by thrombin plus blocker of the actin cytoskeleton approximates the sum of thrombin alone plus the actin f unction blocker alone. Thus, BDM and cytochalasin D do not block thrombin-induced detachment. This observation is complemented by the finding that growth cones pretreated with CDC and then challenged with thrombin sometimes contain peripherally depleted and proximally condensed F-actin, even though they retain their spread-out, attached filopodia and overall shape. Together these findings may suggest that cPLA 2 and leukocyte 12/15-L O are involved primarily in triggering detachment rather than cytoskeletal redistribution.
In conclusion, our data indicate that thrombin is a growth cone repellent that triggers not only redistribution of the actin cytoskeleton but also detachment of filopodia and lamellipodia. Our results indicate f urther that thrombin-induced growth cone collapse occurs by a mechanism that involves cPL A 2 and 12/15-LO. The mode of action of 12/15-H ETE is not known, but our preliminary data suggest the involvement of PKC activation and phosphorylation of the adhesion site-associated protein, MARCK S (myristoylated alanine-rich C -kinase substrate), which may trigger disassembly of attachment sites (de la Mikule et al., 1997) .
